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When heavy ions with high energy cohide, a hot and dense matter is produced. As the matter 
expands, the matter undergoes cross-over phase transition from partonic matter to hadronic 
, matter. Jets are created by high pr partons in the early phase of the cohisions. Leptons and 

^ ■ photons can penetrate the matter without strong interaction. For that reason, jets, leptons 

and photons are good probes to study the partonic matter in the early phase of the collisions. 
^ , We report about two probes associated with photon and their results for PHENIX. 

1 High pt neutral pions 

J> ■ 1.1 Measurement of the initial density in the matter 

^ . It has been observed in central Au+Au collisions at Relativistic Heavy Ion Collider (RHIC) that 

CO ■ the yield of neutral pion at high transverse momentum {pT > 5 GeV/c) is strongly suppressed 

compared to the expectation from p + p collisions scaled by the number of binary collisions (Jet 
quenching). This suppression is regarded due to the energy loss of hard scattered partons in 



O 

I the medium, which results in a decrease of the yield at a given pT- Many theoretical models 

O ■ have been proposed to understand the parton energy loss mechanism. GLV method"'- as one of 

the calculations predicts that the magnitude of energy loss is proportional to the square of the 
; path length. Therefore measuring the path length dependence of energy loss should improve our 

^ ■ knowledge on energy loss constrain the parton energy loss models. 

1.2 Neutral pion production with respect to the reaction plane 

To quantify the energy loss in the matter, we introduce the nuclear modification factor (Raa)- 

(PN^^/dpTdr, 

where AT^^, and Taa are yields of neutral pion in Au+Au collisions, the cross section of 

neutral pion {p + p) and the nuclear overlap function calculated by Glauber model, respectively. 
The path length can be estimated by measuring the azimuthal angle from reaction plane and 
the impact parameter (centrality) . Therefore the Raa foi" each azimuthal angle bin is 

measured to obtain the path length dependence of tt^ production. The Raa{pt,^^) is derived 
by the following equations. 

Raa{pt,A<P,) = Raa{pt)x /^Pj'^t'l (2) 
N{pT,A(f)i) oc l + 2^;2Cos(2A</)i) (3) 



The second harmonic term ('^2) means the azimuthal anisotropy. The anisotropy V2 at low pt 
creates collective flow and the flow is background for measuring the Raa(pt^^<I>)- In order to 
reduce the effect of collective flow, we measure the yields at higher pt- Figure [1] shows the 
anisotropy V2 of neutral pion as a function of pT for each 20 % centrality class. These values 
are non-zero for all centrality classes. Additionally, assumed linear and constant functions are 
fitted to this data and the fit results are shown in Table [H These results indicate that the 
anisotropy V2 of neutral pion in most central and peripheral collisions tends to be constant, 
while in mid-central collisions it tends to decrease. 
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Figure 1: The anisotropy V2 of neutral pion as a function of pr for each 20 % centrahty class. Red and blue lines 
which are fitted to the data from 6 GeV/c show constant and linear fit function, respectively. 



Centrality [%] 


Constant (x^/NDF) 


Linear (xV^DF) 


00-20 


4.45/5 


4.34/4 


20-40 


4.39/5 


1.49/4 


40-60 


2.23/5 


2.21/4 



Table 1: Fit results with the two functions for three centrality classes. 



1.3 Comparison of Raa{pti 

Recently theoretical models (ASW^, and AM^ which involve the space-time evolution of 
the matter have been proposed to investigate parton energy loss mechanism^. The left panel of 
Fig. [2] shows these models succeed in reproducing the centrality dependence of Raa{pt)- The 
central and right panels show the theoretical curves and the measured data at the same centrality 
class, respectively. These models are still unable to reproduce the measured Raa{pt^ ^(j))- 



2 Low Pt direct photon 

2. 1 Measurement of the initial temperature of the matter 

Thermally equilibrated matter is expected to radiate thermal photons, whose kinematics {pT 
or yield) is sensitive to the temperature of the matter. Thermal photons are predicted to be 
dominant in direct photons for low (1 < < 3 GeV/c) in Au+Au collisions. On the other 
hand, a huge background is also produced by decay photons at this pT region. Electron pairs via 
virtual photon have been measured by the PHENIX experiment in order to improve the signal 
to background and associated systematic errorP. 
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Figure 2: Left: Raa{pt) at centrality 0-5 % (top) and 20-30 % (bottom) calculated in three models compared 
with the data. Central: Raa{pt, ^(j)) at pr = 10 GeV/c (solid line) and pr = 15 GeV/c (dashed line) for three 
models at centrality 20-30 %. Right: Raa{pt, A0) at 5 < pt < 8 GeV/c at centrality 20 - 30%. 



2.2 Low mass e+e via internal conversion 



In general, any source of real photons can emit virtual photons and the virtual photons can 
convert to low mass e+e~ pairs. The relation of real photon production and e+e~ pair production 
can be derived by Knoll- Wada f or muli?* based on quantum electrodynamics (QED). Figure. [3] 
shows mass spectra of e+e~ pairs in ^ + ^ and Au+Au collisions for several pt ranges. These 
mass spectra are compared to expected yields from a cocktail of the hadron decay calculation. 
This cocktail calculation is based on meson production as measured by PHENIX. The p+p data 
are consistent with the cocktail for low pT region, while they have a small excess for high pT 
region. The Au+Au data are good agreement with the cocktail for M^e < 50 MeV/c^ and the 
excess of the yields have much larger than p + p for all pT bins. 

Red, blue and green lines show next-to- 
leading-order perturbative quantum chromo- 
dynamics (NLO pQCD) calculations which in- 
clude theoretical scales for fi = 0.5 pt, Pt and 
2 Pt, respectively. The p + p data are con- 
sistent with the expectation from NLO pQCD 
calculations, while the clear enhancement for 
the Au+Au data is shown at pT < 3.5 GeV/c. 
The direct photon invariant yield is extracted 
from the fraction of the direct photon yield 
and the inclusive photon yield. Figure. [H 
shows the invariant cross section of photon in 
p + p and as a function of pT in p + p and the 
invariant yield for several centrality classes in 
Au+Au collisions. The filled and open points 
are from virtual photon analysis and from the 
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Figure 3: Left: e^e~ pair invariant mass distributions in 
(a) p -\- p and (b) minimum bias Au+Au collisions, re- 
spectively. The Pt ranges are shown in the legend. Solid 
and dashed lines represent the expected values from the 
cocktail calculation and their systematic uncertainties, 
respectively. 
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respectively. The three curves on 
the p + p data represent NLO pQCD calcu- 
lations and the dashed lines show modified 
power-law fit to the p + p data, scaled Taa- 
The black lines are exponential plus the T^^-scaled p + p fit. The NLO pQCD calculation 
is consistent with the p + p data within theoretical uncertainties for pT > 2 GeV/c. As 
shown in Fig. [H the p -\- p data can be well described by a modified power-law fit function 
{App{l + pj^/b)~^). Furthermore, we fit an exponential plus the T^^-scaled modified power law 
function (Ae~^^/-^ + Taa x +P7^/&)~^) to the direct photon invariant yield in Au+Au 

collisions. Here Taa is the nuclear overlap function and the free parameters are A and the inverse 



slope T. This inverse slope T is closely related to the temperature in the matter. The obtained 
T from the fit is 221 ± 23 =b 18 MeV for central Au+Au collisions. This value is beyond the 
critical temperature (Tc) expected from lattice QCD [T^ ^170 MeV). The right panel of Fig. [H 
shows the comparison of invariant cross section for Au+Au central collisions and the direct 
photon spectra obtained by several hydrodynamical calculation^. Hydrodynamical calculations 
assume initial temperature ranging from Tinn — 300 MeV at thermalization time tq = 0.6 fm/c 
to 

Tinit — 600 MeV at tq — 0.15 fm/ c. These models can reproduce the central Au+Au collisions 
(centrality — 20%) data within a factor of two. 
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Figure 4: The left panel shows invariant cross section {p + p) and invariant yield (Au+Au) of direct photon as 
a function of pt- The right panel shows invariant cross section for Au+Au collisions (centrality — 20%) and 

several calculations. 



3 Summary 

The probes associated with photon are a powerful tool to study the property of hot and dense 
matter. For studying parton energy loss mechanism, path length dependence of the energy loss 
for high pt hadrons is expected to strongly constrain the parton energy loss calculations. The 
azimuthal anisotropy V2 of neutral pion is measured for three centrality classes and their values 
at high Pt are finite. Theoretical calculations succeed to reproduce the centrality dependence 
of Raa{pt)^ however azimuthal angle dependence of Raa can not still be reproduced. For 
measuring the initial temperature of the matter, e^e~ pairs through internal conversion are 
measured at 1 < < 5 GeV/c. The enhancement is clearly observed in Au+Au minimum 
bias events for 1 < < 5 GeV/c. The T^^-scaled p + p fit function is fitted to the direct 
photon spectrum for the central Au+Au collisions. The obtained inverse slope from the fit is 
T — 221 ± 23{stat.) ± 18(5^5.). This is beyond the temperature of a phase transition which 
lattice QCD predicts. 

References 

1. M. Gyulassy, P. Levai and I. Vitev, Phys. Lett. B538, 282 (2002). 

2. T. Renk et a/., Phys. Rev. C75, 031902 (2007). 

3. A. Majumder et a/., Phys. Rev. C76, 041902 (2007). 

4. G-Y. Qin et al, Phys. Rev. C76, 064907 (2007). 

5. S.A. Bass et a/., J. Phys. G35, 104064 (2008). 

6. S.S. Adler, et a/., Phys. Rev. C 76, 034904 (2007). 

7. N.W. Knoh and W. Wada, Phys. Rev. 98, 1355 (1955). 

8. A. Adare et al, arXiv:08044iMkl [nucl-ex] (2008). 



9. D. d'Enterria and D. Peressounko, Eur. Phys. J. C46, 451 (2006). 

10. S.S. Adler et al, Phys. Rev. Lett. 94, 232301 (2005). 

11. S.S. Adler et al, Phys. Rev. Lett. 98, 012002 (2007). 



